The logarithmic dependence of the transmittance of light, T, on the depth to which the light penetrates, L, was presented as one representation of Beer's law in the main text. Beer's law is more commonly expressed in a linear form using absorbance, A, for ease of experimental and computational use: (Equation S1) = As before, ε is the molar extinction coefficient of the absorbing species and C is the molar concentration of the absorbing species. The logarithmic relationship is apparent through the definition of the relationship between absorbance and transmittance: 
C-N Coupling Reaction Order Experiments(1)
All materials used in these reactions were purchased from commercial sources and used without further purification. All stock solutions were prepared and used in these reactions within 24 hours.
Dependence of the Rate of Reaction on the Concentration of DABCO
NiBr 2 •3H 2 O (2.222 mL of a 0.135 M solution in DMAc, 0.3 mmol, 0.05 equiv.), Catalyst 1 (1.293 mL of a 1.16 mM solution in DMAc, 1.5 µmol, 0.00025 equiv.), 1-bromo-4-(trifluoromethyl)benzene (0.840 mL, 6 mmol, 1 equiv.), pyrrolidine (1.478 mL, 18 mmol, 3 equiv.), and biphenyl as an internal standard were all added to a 20 mL volumetric flask and diluted to the line with DMAc. The flask was sonicated until the solution was homogeneous. Three 5 mL aliquots of this solution were pipetted into three separate 40 mL vials, each with its own magnetic stir bar. Different amounts of DABCO (0.210 g, 1.875 mmol, 1.25 equiv., 0.375 M; 0.252 g, 2.250 mmol, 1.5 equiv., 0.45 M; 0.337 g, 3.00 mmol, 2 equiv., 0.60 M) were then added to each vial and sonicated until fully dissolved. For each experiment, the vial was placed in an aluminum block on a stir plate with the temperature controller set to 50 °C and the temperature of the vial was allowed to equilibrate prior to starting the reaction. After taking an initial aliquot for HPLC analysis, the reaction was illuminated as described above. Samples (5 μL) were collected at the desired time points, diluted in 1.5 mL acetonitrile, and analyzed by HPLC to determine the initial rate of reaction in each experiment. These results are presented in Table S1 and Figure S1 and show that the initial rate of reaction does not depend on the concentration of DABCO.
Reaction Analysis
In all cases, the timepoint samples were analyzed by HPLC on an Ascentis Express C18 column (15 cm x 4.6 mm x 2.7 μm particle size). Method: 1 mL/min, Solvent A = Water (0.1% H 3 PO 4 modifier), Solvent B = Acetonitrile (no modifier). Gradient: 0-2 min (10% B), 2-13 min (10-95% B), 13-13.1 min (95-10% B), 13.1-14 min (10% B). Analysis was performed at 210 nm. Conversion was determined by taking the ratio of starting material to internal standard and normalizing to the 0 minute time point.
Representative Chromatogram @ 210 nm
Biphenyl Product Starting Material Table S1 . Concentration of aryl bromide as a function of time with respect to different initial concentrations of DABCO. Figure S1 .
Concentration of aryl bromide (M)
Dependence of the initial rates of reaction of aryl bromide on the initial concentration of DABCO.
Dependence of the Rate of Reaction on the Concentration of Pyrrolidine
DABCO (1.010 g, 9 mmol, 1.5 equiv.), NiBr 2 •3H 2 O (2.222 mL of a 0.135 M solution in DMAc, 0.3 mmol, 0.05 equiv.), Catalyst 1 (1.293 mL of a 1.16 mM solution in DMAc, 1.5 µmol, 0.00025 equiv.), 1-bromo-4-(trifluoromethyl)benzene (0.840 mL, 6 mmol, 1 equiv.) and biphenyl as an internal standard were all added to a 20 mL volumetric flask and diluted to the line with DMAc. The flask was sonicated until the solution was homogeneous. Three 5 mL aliquots of this solution were pipetted into three separate 40 mL vials, each with its own magnetic stir bar. Different amounts of pyrrolidine (0.246 mL, 3 mmol, 2 equiv., 0.6 M; 0.308 mL, 3.75 mmol, 2.5 equiv., 0.75 M; 0.345 mL, 4.2 mmol, 2.8 equiv., 0.84 M) were then added to each vial. For each experiment, the vial was placed in an aluminum block on a stir plate with the temperature controller set to 50 °C and the temperature of the vial was allowed to equilibrate prior to starting the reaction. After taking an initial aliquot for HPLC analysis, the reaction was illuminated as described above. Samples (5 μL) were collected at the desired time points, diluted in 1.5 mL acetonitrile, and analyzed by HPLC to determine the initial rate of reaction in each experiment. These results are presented in Table S2 and Figure S2 and show that the initial rate of reaction does not depend on the concentration of pyrrolidine. Figure S2 .
Dependence of the initial rates of reaction of aryl bromide on the initial concentration of pyrrolidine.
Dependence of the Rate of Reaction on the Concentration of Ni
DABCO (1.010 g, 9 mmol, 1.5 equiv.), Catalyst 1 (1.293 mL of a 1.16 mM solution in DMAc, 1.5 µmol, 0.00025 equiv.), 1-bromo-4-(trifluoromethyl)benzene (0.840 mL, 6 mmol, 1 eq.), pyrrolidine (1.478 mL, 18 mmol, 3 equiv.), and biphenyl as an internal standard were all added to a 20 mL volumetric flask and diluted to the line with DMAc. The flask was sonicated until the solution was homogeneous. Three 5 mL aliquots of this solution were pipetted into three separate 40 mL vials, each with its own magnetic stir bar. Different amounts of a 0.135 M solution of NiBr 2 •3H 2 O in DMAc (0.056 mL, 7.5 µmol, 0.005 equiv., 1.5 mM; 0.111 mL, 15 µmol, 0.01 equiv., 3.0 mM; 0.222 mL, 30 µmol, 0.02 equiv., 6.0 mM) were then added to each vial. For each experiment, the vial was placed in an aluminum block on a stir plate with the temperature controller set to 50 °C and the temperature of the vial was allowed to equilibrate prior to starting the reaction. After taking an initial aliquot for HPLC analysis, the reaction was illuminated as described above. Samples (5 μL) were collected at the desired time points, diluted in 1.5 mL acetonitrile, and analyzed by HPLC to determine the initial rate of reaction in each experiment. These results are presented in Table S3 and Figure S3 and show that the initial rate of reaction depends on the concentration of Ni catalyst, as mentioned in the main text. Figure S3 .
Dependence of the initial rates of reaction of aryl bromide on the initial concentration of Ni.
Dependence of the Rate of Reaction on the Concentration of Aryl Bromide
To three separate 40 mL vials containing magnetic stir bars, DABCO (0.252 g, 2.25 mmol), Catalyst 1 (0.323 mL of a 1.16 mM solution in DMAc, 0.375 µmol), NiBr 2 •3H 2 O (0.556 mL of a 0.135 M solution in DMAc, 0.075 mmol), pyrrolidine (0.370 mL, 4.5 mmol), and biphenyl as an internal standard were all added and sonicated until each solution was homogeneous. Different amounts of 1-bromo-4-(trifluoromethyl)benzene (0.140 mL, 1 mmol, 0.2 M; 0.280 mL, 2 mmol, 0.4 M; 0.560 mL, 4 mmol, 0.8 M) were then added to each vial, along with neat DMAc (3.611 mL, 3.471 mL, and, 3.191 mL, respectively) to bring the total volume in each vial to 5 mL. For each experiment, the vial was placed in an aluminum block on a stir plate with the temperature controller set to 50 °C and the temperature of the vial was allowed to equilibrate prior to starting the reaction. After taking an initial aliquot for HPLC analysis, the reaction was illuminated as described above. Samples (5 μL) were collected at the desired time points, diluted in 1.5 mL acetonitrile, and analyzed by HPLC to determine the initial rate of reaction in each experiment. These results are presented in Table S4 and Figure S4 and show that the initial rate of reaction depends on the concentration of the aryl bromide, as mentioned in the main text. Figure S4 .
Dependence of the initial rates of reaction of aryl bromide on the initial concentration of aryl bromide.
Control Experiments
A master solution was prepared wherein 1-bromo-4-trifluoromethylbenzene(11.20 grams, 49.8 mmol, 1 equiv.) was added to a 100 mL graduated cyclinder. This was dissolved in 10 mL of DMAc and DABCO (7.82 grams, 69.7 mmol, 1.4 equiv.) was added and allowed to dissolve. Pyrrolidine was then added (10.62 grams, 149 mmol, 3 equiv.). Biphenyl was added as internal standard. DMAc was then added to bring the total volume up to precisely 50 mL. 5 mL aliquots of this solution were taken and placed into 40 mL vials with magnetic stirbars. Previously prepared solutions of NiBr2-3H2O and Photocatalyst 1 had been prepared (0.135 M NiBr2 and 1.16 mM Photocatalyst 1). To vial one was added only photocatalyst 1 (0.323 mL) and to Vial 2 was added only NiBr2-3H2O solution (0.556 mL). The differences in volume were considered neglible for the purpose of the control. The reactions were equilibrated at 50 °C in an aluminum block on a hotplate with 500 rpm stirring. Upon equilibration, the reactions were illuminated by a laser as described above. The reactions were monitored by HPLC for conversion of the SM. The results for the control experiments are given in Table S5 . No Photocatalyst < 1% < 1% 2.6% These experiments were repeated under optimal conditions with the 25W laser described below and similar data was obtained.
W Laser System General Details

System Specifications
The 450 nm 25 Watt laser system was purchased from Coherent (Model #100404809). The system was powered by a Delta Elektronika SM330-AR-22 Power Supply. The laser system and power supply were design to run at 110 Volts with variable current to allow control of the output power. The laser is fiber coupled via SMA connection with a 400/480 μm core fiber. Emission spectrum and calibration data are available from Coherent.
Laser Optics
The beam expanders used in this report were custom built from parts commercially available from Thor Labs. As a safety precaution, each time the fiber core was switched between different beam expanders, the fiber was inspected with a Fiber Scope to minimize the risk of burn-in. The variations of the optics were designed according to the following diagrams ( Figure  S5 ) which allowed easy adjustability of the beam diameter. Power distribution was Gaussian by necessity as commercially available "Top-Hat" diffusers rated to these power levels were not readily available. Beam diameter was adjusted depending on the type of beam expander used either Type I or Type II. 
Catalyst Concentration Rate Experiments
All materials used in this reaction were purchased from commercial sources and used without further purification. To minimize experimental error across the series of reactions, a single reaction solution without catalyst was prepared. Catalyst was then added to equal volume aliquots of this solution. At low catalyst concentration, the catalyst was added by way of a standard solution described below. At high concentrations, solid catalyst was weighed and added to the reaction mixture directly. At both high and low catalyst concentration, the volume of catalyst added as a solid or in solution was negligible (>1.0% of the total volume) and was ignored in the analysis. The reaction vessel was a 250 mL jacketed beaker purchased from Chemglass (GC-1103-03). The same reactor and stir bar were used for each experiment. The reactions were all performed over a period of 24 hours where the stability of the prepared reaction solution was known to 120 hours to give identical results.
Solution Preparation
To a 500 mL media bottle was added NiBr 2 •3H 2 O (18.18 g, 66.7 mmol, 0.05 equiv.) after it had been pulverized with a mortar and pestle. Next, 500 mL of DMAc was added, the bottle was sealed, and the solution was stirred overnight at 23 °C with magnetic stirring at 500 rpm. The next day, in a 2 L media bottle was added solid DABCO (187.30 g, 1667 mmol, 1.25 equiv.). 1-bromo-4-(trifluoromethyl)benzene (302.1 g, 1333 mmol, basis charge) was then added, followed by pyrrolidine (287.2 g, 4000 mmol, 3 equiv.). 300 mL of DMAc was added bringing the total volume up to ~1 L. 5.0 grams of biphenyl was added as internal standard and allowed to dissolve. The NiBr 2 •3H 2 O solution was then added and the contents stirred for 20 minutes mechanically. Once complete dissolution had occurred, the solution was transferred to a 2 L graduated cyclinder and DMAc was added to a total volume of 1.68 L, reflecting a 0.80 M solution with respect to aryl bromide. The reaction solution was maintained at ambient temperature and open to air for the duration of the experiments. The solution was translucent and a deep green color.
Catalyst Solution
1.4268 g of Catalyst 1 was weighed into a 25.00 mL volumetric flask. DMAc was added up to the mark, creating a catalyst solution of 0.0410 M. The resulting solution was transparent, but a deep yellow color.
To a clean, dry 250 mL graduated cylinder with a 4 cm egg-shaped Teflon coated stir bar was added 165 mL of the reaction solution described above. This solution was then poured into a clean, dry 250 mL jacketed beaker giving a liquid depth of 5 cm. An appropriate amount of catalyst solution or solid catalyst was charged to the graduated beaker according the following The beaker was then connected to a chiller set to 50 °C and the reaction was allowed to equilibrate to 48 °C internal temperature. The power supply was set to an output of 1.05 Amps at 110 Volts. Using the Type I beam expander described in the Laser Optics section, the optics were placed 5.44 cm from the surface of the reaction solution allowing for complete illumination across the 6.5 cm diameter of the reactor. Once laser and reactor had been aligned and equilibrated, a 5 μL aliquot and diluted into 2 mL of acetonitrile for the zero point and the reaction illuminated. Time points were taken with accuracy of ± 1 second while constant illumination was maintained by the laser. Temperature was recorded in each reaction with the data consistent across the set of reactions. The temperature equilibrated at 69.0 °C within 1 minute under each set of conditions. At the end of the time course, the laser power was recorded with a power meter and was consistent at 21. 4 Watts at 450 nm. The collected samples were analyzed by HPLC with the ratio of 1-bromo-4-(trifluoromethyl)benzene to biphenyl normalized to the starting concentration of 0.80 M. The raw data are given in Table S7 . Linear regressions were performed from 0-6 minutes (up to 60% conversion in the fastest reaction as highlighted in Table S11 ). The data across this region were strongly linear, giving correlation coefficients (R 2 ) of >0.98. The absolute values of these slopes from these regressions are tabulated in Table S8 and used to construct the graphs in Figure 2 . 
Solution Depth Rate Experiments
All materials used in this reaction were purchased from commercial sources and used without further purification. To minimize experimental error across the series of reactions, a single reaction solution catalyst was prepared and used within 24 hours.
Reaction Solution Preparation
To a 500 mL media bottle was added NiBr 2 •3H 2 O (18.18 g, 66.7 mmol, 0.05 equiv.) after it had been pulverized with a mortar and pestle. Next, 500 mL of DMAc was added, the bottle was sealed, and the solution was stirred overnight at 21 °C with magnetic stirring at 500 rpm. The next day, in a 2 L media bottle was added solid DABCO (187.30 g, 1667 mmol, 1.25 equiv.) and Catalyst 1 (0.374 g, 0.333 mmol, 0.00025 equiv.). 1-bromo-4-(trifluoromethyl)benzene (302.1 g, 1333 mmol, basis charge) was then added, followed by pyrrolidine (287.2 g, 4000 mmol, 3 equiv.). 300 mL of DMAc was added bringing the total volume up to ~1 L. 10.8 grams of biphenyl was added as internal standard and allowed to dissolve. The NiBr 2 •3H 2 O solution was then added and the contents stirred for 60 minutes mechanically. Once complete dissolution had occurred, the solution was transferred to a 2 L graduated funnel and DMAc was added to a total volume of 1.68 L, reflecting a 0.80 M solution with respect to aryl bromide. The reaction was solution was maintained at ambient temperature and open to air for the duration of the experiments. The solution was translucent and a deep green color.
Experiment
To a dry, clean 250 mL graduated cylinder was added the previously prepared solution. The amount of solution charged was varied according to the Table S9 . After measuring the solution, it was transferred to a clean, dry 250 mL jacketed beaker with a 4 cm egg-shaped Teflon coated stir bar. The beaker was then equilibrated to 49 °C internal temperature via a chiller set to 50 °C.
The laser power supply was preset to provide 1.05 Amps at 110 Volts. A Type I beam expander was used as described in the Laser Optics section of this report. The bottom lens of the beam expander was adjusted to be 5.44 cm from the surface of the reaction solution allowing for complete illumination across the 6.5 cm diameter of the reactor. The 5.44 cm distance between the solution surface and optics was maintained as the absolute height of the solution was increased.
Once the laser and reactor had been aligned and equilibrated, a 5 μL aliquot was taken and diluted into 2 mL of acetonitrile for the zero point and the reaction illuminated. Time points were taken with accuracy of ± 1 second while constant illumination was maintained by the laser. Temperature was recorded in each reaction and, as expected, varied with each volume as shown in Table S9 . At lower volumes, the reaction was anticipated to proceed at an enhanced rate, so additional early time points were taken to provide adequate data for linear regression analysis. At the end of the time course, the laser power was measured with a power meter at 21.4 Watts. The collected samples were analyzed by HPLC with the ratio of 1-bromo-4-(trifluoromethyl)benzene to biphenyl normalized to the starting concentration of 0.80 M. The data is shown in Table S10 . In the table, the red cells represent the data used in the linear regression. In each regression, the correlation coefficients were all >0.98, representing strong linear character. The absolute values of the corresponding slopes from the linear regression are shown in Table S11 . 
Laser Power Density Rate Experiments
All materials used in this reaction were purchased from commercial sources and used without further purification. To minimize experimental error across the series of reactions, a single reaction solution was prepared and used within 48 hours.
To a 500 mL media bottle was added NiBr 2 •3H 2 O (18.17 g, 66.7 mmol, 0.05 equiv.) after it had been pulverized with a mortar and pestle. Next, 400 mL of DMAc was added, the bottle was sealed, and the solution was stirred overnight at 22 °C with magnetic stirring at 500 rpm. The next day, in a 2 L media bottle was added solid DABCO (188.9 g, 1667 mmol, 1.25 equiv.) and Catalyst 1 (0.3741 g, 0.333 mmol, 0.00025 equiv). 1-bromo-4-(trifluoromethyl)benzene (299.85 g, 1333 mmol, basis charge) was then added, followed by pyrrolidine (283.73 g, 4000 mmol, 3 equiv.). 300 mL of DMAc was added bringing the total volume up to ~1 L. 10.0 grams of biphenyl was added as internal standard and allowed to dissolve. The NiBr 2
Experiment
To a dry, clean 250 mL graduated cylinder was added 165 mL of the previously prepared solution. After measuring the solution, it was transferred to a clean, dry 250 mL jacketed beaker with a 4 cm egg-shaped Teflon coated stir bar. The beaker was then equilibrated to 49 °C internal temperature via a chiller set to 50 °C. The laser output power was adjusted to different levels as shown in Table S12 . A Type I beam expander was used as described in the Laser Optics section, and was placed 5.44 cm from the surface of the reaction solution allowing for complete illumination across the 6.5 cm diameter of the reactor. Once the laser and reactor had been aligned and equilibrated, a 5 μL aliquot was taken and diluted into 2 mL of acetonitrile for the zero point and the reaction illuminated. Time points were taken with accuracy of ± 1 second while constant illumination was maintained by the laser. At the end of the time course, the laser power was measured with a power meter and the results shown in the table above. Temperature was recorded in each reaction and, as expected, varied with each power level used as shown in Table S13 . The collected samples were analyzed by HPLC with the ratio of 1-bromo-4-(trifluoromethyl)benzene to biphenyl normalized to the starting concentration of 0.80 M. The raw data is tabulated below: In the table, the red cells represent the data used in the linear regression. In each regression the correlation coefficients (R 2 ) were all >0.98, representing strong linear character. The absolute values of the corresponding slopes from the linear regression are recorded in Table S15 and used to construct the graphs in Figure 3 . 
Different Sized Reactor Evaluation
Small Reactor Experiment
To a dry, clean 250 mL graduated cylinder was added 98 mL of the same solution prepared in the power density experiments. After measuring the solution, it was transferred to a clean, dry 100 mL EasyMax TM reactor with a magnetic cross stir bar. The reactor was placed in a circulating bath at 50 °C.
The laser power level was adjusted to 1.05 Amps and 110 Volts. The optics were placed 3.4 cm from the surface of the reaction solution allowing for complete illumination across the 5.0 cm diameter of the reactor. Once the laser and reactor had been aligned and equilibrated, a 5 μL aliquot was taken and diluted into 2 mL of acetonitrile for the zero point and the reaction illuminated. Time points were taken with accuracy of ± 1 second while constant illumination was maintained by the laser. At the end of the time course, the laser power was measured with a power meter at 21.4 Watts. The average temperature was recorded during the time course at 68.4 °C.
Large Reactor Experiment
To a dry, clean 250 mL graduated cylinder was added 250 mL of the same solution prepared in the power density experiments. After measuring the solution, it was transferred to a clean, dry 500 mL jacketed beaker with 3 cm egg-shaped stir bar. The reactor was attached to a circulating chiller set at 50 °C.
The laser power level was adjusted to 1.05 Amps and 110 Volts. The optics were placed 7.5 cm from the surface of the reaction solution allowing for complete illumination across the 8.0 cm diameter of the reactor. Once laser and reactor had been aligned and equilibrated, a 5 μL aliquot was taken and diluted into 2 mL of acetonitrile for the zero point and the reaction illuminated. Time points were taken with accuracy of ± 1 second while constant illumination was maintained by the laser. At the end of the time course, the laser power was measured with a power meter at 21.5 Watts. The average temperature was recorded during the time course at 66.1 °C. The results for the small and large reactors are tabulated in Table S16 . In the table, the shaded cells represent the data used in the linear regression. In each regression, the correlation coefficients were all >0.98, representing a strong linear character. The absolute values of the corresponding slopes from the linear regression were added to the previously developed power density data and are shown in Table S17 and were used to construct Figure 3 . 
Laser Power Density Rate Experiments Nicewicz Anti-Markovnikov Addition to Alkenes(2-3)
All materials used in this reaction were purchased from commercial sources and used without further purification. To minimize experimental error across the series of reactions, a single reaction solution was prepared and used within 48 hours. Stability of this solution was known to give consistent results to 96 hours. The optimal concentration of catalyst was determined from Beer's law.
Reaction Solution Preparation:
To a 2.5 L media bottle in open air was added 2-phenylacetic acid (688.7 g, 5061 mmol, 5 equiv.). Solid 1,2-diphenyldisulfane (110.10 g, 506 mmol, 0.5 equiv.) was charged next, followed by Catalyst 2 (0.605 g, 1.518 mmol, 0.0015 equiv.) 1.01 L of DCE was added from a graduated cylinder to the media bottle, followed by 2,6-dimethylpyridine (22.56 g, 202 mmol, 0.2 equiv.) and trans-anethone (150.20 g, 1012 mmol, basis charge). The final concentration of the trans-anethone was 0.60 M. The solution was stirred mechanically for 14 hours at ambient temperature and open to air.
Experiment
To a dry, clean 500 mL graduated cylinder was added 250 mL of the previously prepared solution. After measuring the solution, it was transferred to a clean, dry 500 mL jacketed beaker with a 4 cm egg-shaped Teflon coated stir bar. The beaker was then equilibrated to 55 °C internal temperature via a chiller set to 55 °C. The laser was adjusted to different levels as shown in Table S18 . The optics were placed 7.5 cm from the surface of the reaction solution, allowing for complete illumination across the 8.0 cm diameter of the reactor. Once the laser and reactor had been aligned and equilibrated, a 5 μL aliquot was taken and diluted into 2 mL of acetonitrile for the zero point and the reaction illuminated. Time points were taken with accuracy of ± 10 seconds while constant illumination was maintained by the laser. At the end of the time course, the laser power was measured with a power meter and the results shown in the table above. The collected samples were analyzed by HPLC with the ratio of trans-anethone to biphenyl normalized to the starting concentration of 0.60 M. The raw data are given in Table S19 . In the table, the shaded cells represent the data used in the linear regression. In each regression the correlation coefficients were all >0.98, representing a strong linear character. The absolute values of the corresponding slopes from the linear regression are given in Table S20 and were used to construct the graphs in Figure 3 . 
Reaction Darkening Experiment Experimental Procedure
To a dry, clean 250 mL graduated cylinder was added 250 mL of the same solution prepared in the power density experiments. After measuring the solution, it was transferred to a clean, dry 500 mL jacketed beaker with a 3 cm egg-shaped stir bar. The reactor was attached to a circulating chiller set at 50 °C.
The laser power level was adjusted to 1.05 Amps and 110 Volts. The optics were placed 7.5 cm from the surface of the reaction solution, allowing for complete illumination across the 8.0 cm diameter of the reactor. Once the laser and reactor had been aligned and equilibrated, a 1 mL aliquot was taken and diluted into 20 mL of acetonitrile for the zero point and the reaction illuminated. Time points were taken in a similar manner as the zero point with accuracy of ± 1 second while constant illumination was maintained by the laser. At the end of the time course, the laser power was measured with a power meter at 21.5 Watts. The average temperature was recorded during the time course at 66.1 °C.
The samples were immediately evaluated by a dip probe UV-Vis spectrometer (probe from Hellma, light source and software from tec5). Each sample was evaluated for absolute absorbance at 450 nm. The average of three measurements at 450 nm was taken for each sample and those absorbances were normalized against the time zero absorbance to give the percent difference in absorbance shown in Table S21 and used to construct the graph in Figure 2 . 
Laser CSTR Design and Evaluation
Based on the catalyst concentration, reactor depth, and power density studies, we identified a 100 mL EasyMax TM reactor as an ideal platform to evaluate the laser CSTR. To ensure robust reaction performance, the 100 mL reactor platform was subjected to a number of engineering studies.
CSTR Residence Time Distribution (RTD) Experiment
A standard pulse tracer test was performed on the 100 mL CSTR to confirm that it behaves like an ideal CSTR. DMAc (100 mL) and a magnetic stir bar were charged to the 100 mL reaction vessel in the EasyMax TM (Mettler-Toledo). Two SF-10 pumps (Vapourtec) were used to control the flow of liquid entering and exiting the reactor. Each pump was flushed with DMAc prior to use in the RTD experiment. The pumps fed into and out of the reactor using a combination of 0.125 in. PFA tubing and stainless steel tubing (IDEX). The inlet tube was placed near the bottom of the vessel, close to the stir bar, while the outlet tube was placed at the top of the liquid to control the total volume of liquid in the vessel. A clean in situ IR probe (ReactIR 15, Mettler-Toledo) was immersed in the DMAc after the background signal in air had been calibrated. The stirring rate was set to 1000 rpm at room temperature and a background signal in DMAc was collected. This background solvent signal was subtracted from all other spectra. The pumps were set to flow rates of 5 mL/min entering and 5.1 mL/min exiting the vessel to ensure control of the 100 mL volume of liquid. Once the pumps were turned on, the on-line IR signal and the liquid level in the reactor were monitored for several minutes to ensure they were steady prior to injecting the tracer. Next, 2 mL of neat toluene was injected quickly via syringe near the stir bar to ensure rapid mixing of the tracer. The IR probe collected a spectrum every 30 seconds. The pumps ran until the IR signal of the toluene tracer at 737 cm -1 did not appear to change significantly with time. The absolute absorbance of this peak was used to construct the curves shown below.
CSTR Residence Time Distribution Analysis
The concentration curve, C(t), is constructed easily using the absolute absorbance of the toluene tracer at 737 cm -1 from the RTD experiment, as shown in Figure S7 . This curve accounts for the concentration of tracer exiting the reactor as a function of time. The residence time distribution function, E(t), is then determined from the C(t) curve and normalized to the total amount of tracer injected into the reactor such that the area under the E(t) curve is unity:
The ideal residence time distribution function for a pulse injection of a tracer in an ideal CSTR is expressed as
where t is time and τ is the mean residence time of an ideal CSTR. Simple numerical integration of the data in Figure S7 leads to the RTD shown in Figure S8 . The RTD curve of an ideal CSTR with a residence time of 20 minutes is shown for comparison. Figure S8 .
The experimentally determined residence time distribution for the 100 mL CSTR, E(t), shown in red. The RTD for an ideal CSTR with a residence time of 20 minutes is shown as the dashed black curve for comparison.
From Figure S8 , the experimentally determined RTD is in excellent agreement with the ideal RTD. Further comparisons can be made to ensure the experimental CSTR behaves approximately as an ideal reactor now that the RTD has been computed. The mean residence time, , is given as t
and the variance of the mean residence time, σ 2 , is given as
The square root of the variance, σ, is the standard deviation of the mean residence time. For an ideal CSTR, the mean residence time is the space time, τ, which is the volume of the reactor divided by the flow rate. By definition, the standard deviation of the mean residence time in an ideal CSTR is equal to the mean residence time, τ. For the laser CSTR, the space time was 20 minutes, meaning that the ideal mean residence time and standard deviation should each be 20 minutes. Numerically integrating Equations S5 and S6, it is possible to compute and σ for the t experimental CSTR. The calculated values are in Table S22 . The values obtained for the mean residence time and the standard deviation as well as the characteristic exponential decay of the concentration of the toluene tracer are all in excellent agreement with those of an ideal CSTR with a residence time of 20 minutes.(4)
Levenspiel Analysis(5)
With the optimized reaction conditions for the C-N coupling set, it was necessary to determine the residence time required in the CSTR to achieve an appreciable conversion to demonstrate kg/day throughput. Having already obtained the concentration of starting material as a function of time using the laser in the 100 mL reactor, it was decided to use the obtained rate data shown in Figure 4 of the main text to construct a Levenspiel plot to design the CSTR. The Levenspiel analysis was not only convenient, but provided an accurate method for determining the residence time in the CSTR and enabled useful visualizations of possible combinations of reactors in series for future work. For an isothermal liquid-phase reaction occurring in a CSTR operating at steady-state, the residence time needed to achieve the desired conversion, X, of starting material is expressed as Figure 4 where the base of the rectangle is the desired value of conversion and the height is the point on the curve corresponding to that conversion. Based on Figure 4 , we determined that approximately 90% conversion of the starting material would be achieved in a CSTR with a residence time of 20 minutes.
As discussed in the main text, adding a second CSTR in series with the first would increase throughput of product. Figure S9 shows the same Levenspiel plot as Figure 4 , but is now designed for two CSTRs. The first 100 mL CSTR operates up to the point where the kinetics start to deviate from the apparent zero order regime (81% conversion). This CSTR has a residence time of 5.8 minutes at a flow rate of 17.3 mL/min. The feed into the second 38 mL CSTR has the same composition and flow rate as the stream exiting the first CSTR and drives the reaction to 90% conversion overall of the starting material with a residence time of 2.2 minutes. The two CSTRs in series would have a combined residence time of 8.0 minutes and a throughput of 3.9 kg/day throughput of product at steady-state, which is more than a three-fold increase in overall throughput compared to the single CSTR operating at the same endpoint of 90% conversion (1.2 kg/day). This example demonstrates the power of the Levenspiel plot: it is a simple, convenient, and accurate method for designing single flow reactors and series of reactors, especially CSTRs, with minimal computational effort. Furthermore, the reactor design approach described here illustrates how a series of laser CSTRs can achieve increased throughput, showcasing the scalability of the flow reactor and the flexibility of the Levenspiel analysis. Levenspiel plot for the C-N coupling (0.8 M starting material) for two laser CSTRs in series. The area of the rectangle bound by the red curve is the residence time needed (5.8 minutes) in the first 100 mL CSTR and the area of the rectangle bound by the purple curve is the residence time needed (2.2 minutes) in the second CSTR. The area of the dashed blue rectangle is the same single CSTR presented in Figure 4 of the main text with a residence time of 20 minutes.
Flow Reaction Solution Preparation
To a 5 L media bottle was added NiBr 2 •3H 2 O (108.00 g. 396 mmol, 0.05 equiv.), which was dissolved in 4 L of DMAc. The solution was stirred overnight to ensure complete dissolution. The following day in a 10 L media bottle were added 1-bromo-4-(trifluoromethyl)benzene (1782.00 g, 7920 mmol, basis charge), pyrrolidine (1690.00 g, 23800 mmol, 3 equiv.), DABCO (1110.00 g, 9900 mmol). To this was added the solution of NiBr 2 •3H 2 O. The reaction was stirred and finally solid Catalyst 1 (2.221 g, 1.980 mmol, 0.00025 equiv.) was added. The contents were stirred for 2 hours to ensure total dissolution. The reaction was then stored at ambient temperature until the reaction was begun.
Flow Reactor Assembly
A 100 mL reactor was fit with a 2 cm cross stir bar and placed in the EasyMax TM automated reactor platform. In the empty vessel, two 12 in. lengths of stainless steel tubing were molded to serve as the inlet and outlet feeds for the CSTR. The inlet feed was molded tightly against the edge of the reactor and terminated at the bottom of the reactor. The outlet feed was molded tightly to the edge of the reactor and placed 5.0 cm from the bottom of the reactor. The placement of the outlet feed was checked by adding 100 mL of DMAc to the reactor and ensuring that the outlet feed was at the level of the solvent. The DMAc was then removed. The inlet and outlet were arranged spatially to be as far apart as geometrically possible. These short lengths of tubing were connected to ~30 in. lengths of 0.125 in. OD FEP tubing. The tubing was then connected to the corresponding inlet and outlet of two Vapourtec SF-10 pumps. The inlet pump was then connect to the 10 L feed solution and the outlet pump connected to a 2.5 L media bottle as the primary collection vessel. The pump rates were set to 5 mL/min on the inlet feed and 5.1 mL/min on the outlet feed. The pumps were set this way to avoid any potential variation in flow rate between the two pumps. The depth of the solution was determined to be a critical component and controlled by correct placement of the outlet feed. The higher flow rate on the outlet feed maintained this level throughout the run. Occasionally, air bubbles could be observed passing through the lines and served as assurance that the proper depth was being maintained. A Type II beam expander was used in this flow setup as described in the Laser Optics section. Figure S10 .
Image of the 100 mL laser CSTR and relevant equipment.
Reaction Startup
The reaction was initiated by pumping 100 mL into the reactor and then stopping the inlet pump. The reactor was fit with a temperature probe tightly down the side of the reactor to limit the amount of blocked light. The reactor was illuminated and the EasyMax TM adjusted to control the internal temperature of the reactor automatically at 70 °C. The magnetic stir rate was set to 1000 rpm. Once equilibrated, this corresponded to a jacket temperature of 47.4 °C and the reactor was switched to jacket-based temperature control and the thermocouple was removed.
Reaction Optics Pumps
Feed Laser
Power Supply
After 12 minutes of illumination, the outlet pump was activated at 5.1 mL/min and the inlet pump was activated at 5.0 mL/min. After 40 minutes, the reactor achieved equilibration and the collection vessel was switched to a fresh 2.5 L media bottle. The ~200 mL collected during startup were worked up according to the procedure below and gave product of equal purity and were combined with the main product and factored into the overall yield.
Reaction Run
The reaction was monitored periodically to ensure constant reaction performance by direct sampling from the reactor itself for HPLC analysis. The laser performance was monitored by quickly placing a power meter in the center of the beam path, recording the power, and removing the meter (<3 sec). The temperature was also monitored periodically to ensure the steady-state temperature was being maintained. All reaction performance variables showed insignificant variation over the 32 hours of operation. The reaction was collected and worked up in 2 L portions during the course of the run.
Reaction Shutdown
After 32 hours of continuous operation, the inlet feed was allowed to run until <100 mL remained in the feed solution. The inlet pump was stopped and after 20 minutes, the laser was powered down. The material in the reactor was pumped into the collection vessel.
Reaction Workup
Each 2 L portion of the collected reaction was transferred to a 6 L media bottle fit with an overhead stirrer. An equivalent amount of water (2 L) was added over 20 minutes with vigorous stirring. After approximately half the water had been added, a precipitate began to form. After complete addition of the water, the solution was allowed to stir for an additional 30 minutes and then filtered over a 4 L glass frit. The solids were allowed to dry over the frit for 30-60 minutes. The isolated solids had a slight yellow color and were then placed in a 2.5 L media bottle with overhead stirring and dissolved in 800 mL of acetonitrile. 800 mL of water was added to this solution over a period of 2 hours. The resulting slurry was then filtered and the cake washed with an additional 200 mL of 1:1 acetonitrile:water. The different batches of solids were combined and dried in a vacuum oven at 50 °C and 0.5 in. Hg vacuum pressure for 96 hours. The final product was a white solid. Total isolated weight was 1542.2 grams. Purity by HPLC was >99.5% at 210 nm. Isolated yield was 87% potency adjusted. 
Chromatogram of Final
